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a b s t r a c t
Over 22 million hectares (ha) of U.S. croplands are irrigated. Irrigation is an intensified agricultural land
use that increases crop yields and the practice affects water and energy cycles at, above, and below the
land surface. Until recently, there has been a scarcity of geospatially detailed information about irrigation
that is comprehensive, consistent, and timely to support studies tying agricultural land use change to
aquifer water use and other factors. This study shows evidence for a recent overall net expansion of
522 thousand ha across the U.S. (2.33%) and 519 thousand ha (8.7%) in irrigated cropped area across
the High Plains Aquifer (HPA) from 2002 to 2007. In fact, over 97% of the net national expansion in irri-
gated agriculture overlays the HPA. We employed a modeling approach implemented at two time inter-
vals (2002 and 2007) for mapping irrigated agriculture across the conterminous U.S. (CONUS). We
utilized U.S. Department of Agriculture (USDA) county statistics, satellite imagery, and a national land
cover map in the model. The model output, called the Moderate Resolution Imaging Spectroradiometer
(MODIS) Irrigated Agriculture Dataset for the U.S. (MIrAD-US), was then used to reveal relatively detailed
spatial patterns of irrigation change across the nation and the HPA. Causes for the irrigation increase in
the HPA are complex, but factors include crop commodity price increases, the corn ethanol industry, and
government policies related to water use. Impacts of more irrigation may include shifts in local and regio-
nal climate, further groundwater depletion, and increasing crop yields and farm income.
Published by Elsevier Ltd.
1. Introduction
Intensification of agricultural land use through irrigation influ-
ences crop yields, boundary layer energy exchange, groundwater
recharge, regional climate, and water quality (Adegoke et al.,
2003; Matson et al., 1997; Puma and Cook, 2010; Sacks et al.,
2009; Scanlon et al., 2007). As of 2007, 22.9 million ha (56.6 million
acres) of croplands in the U.S. were irrigated according to the U.S.
Census of Agriculture (U.S. Department of Agriculture, 2009a). This
represents a modest 2.33% increase in the area of irrigated crops
from 2002 (U.S. Department of Agriculture, 2004). However, regio-
nal patterns in gains and losses in irrigated area vary significantly
from the national picture.
A large proportion of irrigated cropland in the U.S. is fed by
groundwater, in fact the USDA estimates nearly 67% of the water
used to irrigate is provided by groundwater (U.S. Department of
Agriculture, 2009b). In the central Great Plains of the U.S. (portions
of Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South
Dakota, Texas and Wyoming), over six million ha of irrigated
croplands (approximately 26% of the U.S. total), are primarily fed
by groundwater extracted from the High Plains Aquifer (HPA), also
known as the Ogallala aquifer. The HPA underlies a 451,000 km2
area and was the most intensively used aquifer in the U.S. in
2000 (Maupin and Barber, 2005). The land cover here is primarily
cropland and pasture. Principal irrigated crops include corn (Zea
mays), soybeans (Glycine max), cotton (Gossypium hirsutum), alfalfa
(Medicago sativa L.), grain sorghum (Sorghum bicolor), and wheat
(Triticum spp.) (Dennehy et al., 2002).
Concerns that the widespread practice of irrigation in this re-
gion is unsustainable have been expressed since the 1970s (High
Plains Study Council, 1982; Peterson and Bernardo, 2003;
Sophocleous, 2005). Yet recent studies have indicated expansion
in irrigation today (Dennehy et al., 2002; Johnson et al., 2011;
Nickerson et al., 2011). This expansion is spatially variable and
discontinuous. Since there has been a lack of spatially-detailed
data on irrigation status, we see this as a gap needing to be filled.
Tracking the locations, geographic area, and timing of agricultural
intensification should improve water resource management,
advance models of water and energy exchange between the
atmosphere and land surface, clarify climate interactions, and
reveal effects on ecosystem services (Matson et al., 1997;
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Puma and Cook, 2010; Shiklomanov, 2000; Vörösmarty et al.,
2000).
Geospatial irrigation data that is detailed, comprehensive, con-
sistent, and timely is needed to support studies tying agricultural
land use change to aquifer water use and other factors. While the
USDA publishes county areal irrigation estimates, spatial informa-
tion is not provided to determine the specific locations of irrigated
fields (U.S. Department of Agriculture, 2009a, 2012). Additionally, a
handful of studies have produced geospatial irrigation land use
data for national, continental, or global domains in the 21st cen-
tury, but there are none to date that have a regular (e.g. sub-deca-
dal) repeat cycle, allowing for consistent spatially-detailed tracking
of irrigation change (Ozdogan and Gutman, 2008; Thenkabail et al.,
2009).
This study shows evidence for a recent overall expansion of 519
thousand ha (8.7% increase) in irrigated cropped area across the
HPA from 2002 to 2007, and by way of detailed geospatial analysis
shows sub-county to regional differences in spatial patterns of irri-
gation change. For this study, we employed a modeling approach
implemented at two time intervals (2002 and 2007) for mapping
irrigated agriculture across the conterminous U.S. (CONUS). We
then utilized this methodology to determine relatively detailed
spatial patterns of irrigation change across the HPA. Subsequent
change analysis incorporated national-level geospatial models
called the Moderate Resolution Imaging Spectroradiometer
(MODIS) Irrigated Agriculture Dataset for the U.S. (MIrAD-US) com-
puted for two eras, 2002 (Pervez and Brown, 2010) and 2007. This
article summarizes 2007 model results, the change in irrigation
from 2002 to 2007 and presents a discussion of possible causes
and effects related to the changes in land use associated with irri-
gated agriculture between 2002 and 2007 within the HPA.
2. Background
The first wells installed in the HPA for irrigating crops were dug
in the late 1930s, followed by large increases in drilling especially
in the 1950s, 1960s, and 1970s (Nebraska Department of Natural
Resources, 2012b). Although the establishment of new irrigation
wells appeared to stabilize in the 1980s and 1990s, it appears that
expansion of irrigation is occurring again in this century. In Ne-
braska alone, over 60,000 registered irrigation wells tapped into
the HPA between 1972 and 2011 (Nebraska Department of Natural
Resources, 2012b). In 2000, total groundwater withdrawals from
the HPA were estimated at 17,500 Mgal/day and the majority
(97%) of the total water withdrawn was used for irrigation (Maupin
and Barber, 2005).
The states of Nebraska, Texas, and Kansas used 88% of the HPA
total water withdrawals in 2000 almost entirely for irrigated agri-
culture (Maupin and Barber, 2005). Approximately two thirds of
the aquifer’s total water storage capacity underlies the state of Ne-
braska (Johnson et al., 2011). Furthermore, Nebraska is currently
the most intensively irrigated state in the country, surpassing Cal-
ifornia with the highest number of irrigated ha in 2007 (U.S.
Department of Agriculture, 2009a).
In many areas, groundwater withdrawals from the HPA already
exceed recharge, causing substantial declines in groundwater lev-
els (Dennehy et al., 2002). Some of the largest groundwater level
declines have occurred in southwest Kansas and the panhandle
of Texas (see Fig. 2 in McGuire (2011)). Following the large expan-
sion in irrigation in the decades leading up to 1980, decreasing
groundwater resources across the HPA and increasing energy costs
led to concerns about the sustainability of water use. Multiple
studies were initiated; the most comprehensive water policy anal-
ysis conducted to date was the High Plains Ogallala Regional Aqui-
fer Study (referred to here as the High Plains Study) completed in
1982 (High Plains Study Council, 1982). The High Plains Study pre-
dicted future reductions in irrigated land area and related water
use (under its baseline scenario involving no major changes in
state water-use regulations), but rather than seeing reductions in
the amount of irrigation supplied by the HPA, the most recent dec-
ade has seen an expansion in irrigation land use. An expansion in
irrigated fields does not necessarily mean a comparable increase
in water or energy use, since efficiencies have been gained by tech-
nological changes in water delivery mechanisms and management
practices (Evans and Sadler, 2008).
3. Data and methods
In a prior study, we implemented a geospatial model (Pervez
and Brown, 2010) to create a U.S. map of irrigated lands for the
year 2002. For the current study, we implemented the model using
the same input data types from our prior study but tuned for circa
2007, the target time period. Herein, we provide a brief description
of the input data sets and the geospatial model specific to the mod-
eling year. A detailed description of the input data for the model is
provided by Pervez and Brown (2010). The method incorporated
the following three primary data inputs:
1. USDA county-level irrigation area statistics for 2007 (U.S.
Department of Agriculture, 2009a).
2. Annual peak MODIS Normalized Difference Vegetation Index
(NDVI) (a proxy for maximum vegetation vigor) for 2007.
3. A land cover mask for agricultural lands derived from NLCD
2006 (Fry et al., 2011).
And the success of the modeling relied on the following three
assumptions:
1. Irrigated crops commonly exhibit higher annual peak NDVI val-
ues than non-irrigated crops in the same local area.
2. The growing season peak NDVI, at any time it occurs, will vary
for each crop and for each geographic region of the U.S.
3. The difference in NDVI between irrigated and non-irrigated
crops will be enhanced under non-optimal precipitation condi-
tions (e.g., drought).
3.1. Input data
3.1.1. County irrigation statistics
The USDA Census of Agriculture publishes estimates of irrigated
area (in acres) for each of the 3114 counties in the conterminous
U.S. every five years and we used these county statistics of irri-
gated areas for 2002 and 2007 (U.S. Department of Agriculture,
2009a). The Census of Agriculture estimates were derived from
data collected from over three million farmers and ranchers pri-
marily through mailout and mailback method supplemented with
electronic data reporting, telephone interview and personal enu-
meration with response rate of 85.2% for the 2007 Census. The col-
lected data go through intensive quality checking before being
used in an extensive process to compute adjusted estimates for
the entire country. USDA National Agricultural Statistics Service
(NASS) reported the reliability of the 2007 estimates as relative
Root Mean Square Error (RMSE) of 0.25% which has improved from
the RMSE of 0.64% for 2002 Census estimates (U.S. Department of
Agriculture, 2009a).
3.1.2. MODIS annual peak NDVI
We computed the annual peak (or maximum) NDVI for 2007
from an annual time series of MODIS composited NDVI. The 2007
NDVI source was part of the CONUS 250-m resolution MODIS time
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series produced at the USGS EROS Center (Jenkerson et al., 2010).
The time-series NDVI represented the progression of vegetation
condition, and the peak or maximum from the annual time series
was used in the model as a proxy measure of the most vigorous
state of the vegetation within the year. This model only required
a single peak NDVI regardless of its phenological timing. Irrespec-
tive of irrigation status, every land pixel had a peak NDVI, and
based on our investigations the magnitude of peak NDVI values dif-
fered depending on the irrigation status of the vegetation. Previous
studies indicated that NDVI positively correlates with the availabil-
ity of moisture for the vegetation (Ji and Peters, 2003; Kawabata
et al., 2001; Rundquist et al., 2000; Wang et al., 2003; Wulder
et al., 2004), and most irrigated crops will have higher peak NDVI
compared to the peak NDVI from the same crop without irrigation
(Aparicio et al., 2000; Pervez and Brown, 2010; Wardlow and Eg-
bert, 2008). Within the MIrAD model, pixels with a comparatively
higher peak NDVI typically indicate positive irrigation status with-
in the same county area (i.e., fields experiencing common climate
conditions).
We selected the MODIS sensor as the source for the peak NDVI
as this sensor collects frequent time-series observations of the
earth surface with global coverage at a sufficient spatial detail
(250-m resolution) to capture most of the irrigated patches in
the U.S. agricultural landscape (Townshend and Justice, 2002).
The MIrAD-US spatial units have the inherent resolution of the
250-m x 250-m MODIS pixels. Each pixel represents 6.25 ha on
the ground. Field size had an influence on the accuracy of our
methodology to map irrigated lands where a field unit was less
than 6.25 ha. Field sizes across the HPA are generally larger than
6.25 ha. For example, in Kansas, field sizes commonly range from
65 to 245 ha (or 10 to 39 250 m2 pixels respectively) (Wardlow
and Egbert, 2008).
3.1.3. Land cover
Consistent with the 2002 MIrAD (Pervez and Brown, 2010), two
land cover classes [pasture/hay (81) and cultivated cropland (82)]
were extracted from the 2006 NLCD (Fry et al., 2011) to restrict
the MIrAD model selection of irrigated pixels for 2007. The land
cover mask was crucial as previous studies show that annual peak
NDVI from forest and woody wetlands pixels could potentially be
higher than the annual peak NDVI from croplands (Brown et al.,
2009). Accurate delineation of irrigated pixels within the agricul-
tural landscape thus depends on the classification of the above
two classes in the NLCD. The NLCD is the best possible single
source land cover available at a national scale that is closely syn-
chronized with the Census of Agriculture (within one year). The
2006 NLCD Level II (16 land cover classes) overall accuracy was
78%, with Level II user’s accuracy exceeding 80% for the cropland
class used in our mask.
Because the land cover mask plays a significant role in the MIr-
AD-US model for 2002 and 2007, changes in this mask (NLCD 2001
and 2006) influences the change in irrigated agriculture discussed
in this study. Both the 2001 and 2006 NLCD were developed under
similar protocols; however recent NLCD science efforts are evolv-
ing with the shift in the emphasis from characterizing discrete
snap shots of land cover in time to monitoring land cover change
over time. Subsequently, a national change map included in 2006
NLCD showed changes between 2001 and 2006 distinguishing na-
tional areal declines in pasture/hay and cultivated crops of 1.05%
(578,000 ha) and 0.15% (193,300 ha), respectively (Fry et al.,
2011). Although from a different source, the Agricultural Census
statistics showed a net decrease in total croplands from 2002 to
2007 of over 14 million ha and showed an increase in irrigated
areas by 2.3% (521,263 ha) between 2002 and 2007 (U.S. Depart-
ment of Agriculture, 2004, 2009a). In 2007, there were less candi-
date pixels in cropland and pasture in NLCD than in 2002 available
to be identified as irrigated pixels but resulting in larger irrigated
areas nationally.
3.2. Geospatial model
The geospatial model employed the same method used by Per-
vez and Brown (2010) to map 2002 irrigated areas but forced with
2007 MODIS annual peak NDVI data, 2006 NLCD data, and 2007
Census of Agriculture irrigation statistics to map 2007 irrigated
areas. A detailed description including how the geospatial model
works along with a process diagram is provided by Pervez and
Brown (2010). In brief, the model was executed on a county spatial
domain by extracting and building a ranked list of unique annual
peak NDVI values from MODIS peak NDVI data layer masked by
NLCD data for agricultural land classes only. Starting with the high-
est ranked peak NDVI, the area of the corresponding peak NDVI va-
lue cells was computed and compared with the USDA irrigation
area statistics for that county. The same process is repeated for
each peak NDVI values in a descending order until the accumulated
area closely matches the county area estimate from the Census.
The corresponding pixels that contribute to the matched area were
identified as irrigated for the county. In a final post-processing step
all lone (single) pixels were spatially filtered from the irrigated
area map.
Climatology played an important role shaping the differences in
annual peak NDVI between irrigated and non-irrigated cropland.
Adequate moisture from precipitation available to non-irrigated
crops can increase the peak annual NDVI value, potentially narrow-
ing the difference in peak NDVI between irrigated and non-irri-
gated crops making them difficult to separate. In contrast, lack of
moisture from low precipitation available to non-irrigated crops
will negatively impact the annual peak NDVI value and widen
the difference between peak NDVI from irrigated and non-irrigated
crops making to the two more separable. Fig. 1 shows a time series
of NDVI for sample irrigated and non-irrigated pixels in southeast
Nebraska (Clay County). This six year time series shows consis-
tency in the maximum NDVI for the irrigated pixel and variability
in the peak for the non-irrigated pixel. Of note, 2002 shows the
greatest contrast in the annual peak NDVI between the irrigated
and non-irrigated pixels corresponding to local drought. The an-
nual average precipitation in the U.S. in 2007 was 733 mm, 7 mm
less than the long term (1901–2000) mean precipitation (National
Oceanic and Atmospheric Administration, 2007). Although 2007
was not significantly drier than average, sporadic rainfall during
spring and summer produced wide spread moderate to extreme
drought conditions in much of Southeast and the West (Jones,
2010; Migliaccio, 2008; National Oceanic and Atmospheric Admin-
istration, 2007).
Fig. 1. Time series NDVI for irrigated and non-irrigated pixels in Clay County,
Nebraska.
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4. Results
4.1. Accuracy assessment
Protocols for accuracy assessment of MIrAD-US 2007 are built
upon the MIrAD-US 2002 (Pervez and Brown, 2010) accuracy
assessment. Two reference data sets (California and the Great
Plains) used to validate MIrAD-US 2002 were also used to validate
MIrAD-US 2007. We obtained an additional spatial irrigation data
set for 2006 for Idaho from the Idaho Department of Water Re-
sources (IDWR).
4.1.1. Accuracy assessment of 2007 MIrAD-US in California
Field boundaries for 19 counties in California surveyed by Cali-
fornia Department of Water Resources (DWR) over five-year period
(2000–2004) for their land use and irrigation status information
were used as the ground reference (Pervez and Brown, 2010). We
converted field polygons into grids using an irrigation attribute
(1 for irrigated and 0 for non-irrigated) matching the spatial prop-
erties (projection, extent, and cell size) of the 2007 MIrAD-US so
that both data products fully overlay each other on a cell-by-cell
basis. In contrast to the 2002 MIrAD-US assessment, we employed
raster overlay to compare 2007 MIrAD-US with DWR fields on cell-
by-cell basis, and generated an error matrix to analyze the agree-
ment between the data sets.
Table 1 shows overall accuracy of 92% with Kappa index of 0.75
suggestive of good agreement with DWR irrigated fields. However,
relatively high omission error of 27% for irrigated class indicates
probable omission of irrigated areas in 2007 MIrAD-US, similarly
to the 2002 MIrAD-US (Pervez and Brown, 2010). Differences in
spatial resolution and underlying identification method for irri-
gated areas used by the DWR and in the MIrAD-US model was
the prime reason. The irrigated areas identified in the California
DWR field map were not constrained by their size, whereas irri-
gated areas in MIrAD-US model were constrained by a minimum
area of 250-m  250-m (6.25 ha) due to the source MODIS annual
peak NDVI input. The DWR field map had 22% larger area of irri-
gated agriculture compared to 2007 MIrAD-US for these 19 coun-
ties. There was a temporal mismatch between the DWR field
data and 2007 MIrAD-US, but more recent field data sets for Cali-
fornia were not available.
Although the overall accuracy of the 2007 MIrAD-US with DWR
field map remains the same as the 2002 results at 92%, the
producer’s accuracy for irrigated class for the later MIrAD-US
map is lower. The larger time lag between the DWR survey period
and the 2007 MIrAD-US compared to the 2002 MIrAD-US might
have contributed to relatively low producer’s accuracy and com-
paratively higher omission error.
4.1.2. Accuracy assessment of 2007 MIrAD-US in the Great Plains
We used a total of 336 sites across the Great Plains region sur-
veyed by University of North Dakota in August, 2006 to assess the
accuracy of 2007 MIrAD-US in the Great Plains region. Details
about these survey sites along with their spatial distribution across
the Great Plains are provided by Pervez and Brown (2010). For con-
sistency, we adopted the same method that was used to assess the
accuracy of 2002 MIrAD-US, but for 2007 assessment, we gener-
ated the error matrix by polygons only.
The 2007 MIrAD-US agreed reasonably well with ground sur-
veyed irrigated area information with an overall accuracy of 89%
and Kappa index of 0.70 (Table 2). The 2007 MIrAD-US exhibited
a higher agreement with the surveyed Great Plains ground samples
compared to the 2002 MIrAD-US. The nominal temporal difference
between the 2007 MIrAD-US and the survey year (2006) might
have led to better match the ground reference information.
4.1.3. Accuracy assessment of 2007 MIrAD-US in the Eastern Snake
River Plain Aquifer (ESPA)
The ESPA is one of the most well managed irrigated areas in the
country. The IDWR provided vector coverage of fields with irriga-
tion status as a polygon attribute for 2006. IDWR used a 3-step
process to map irrigated areas. The process started with extensive
editing of vectors in the Farm Service Agency Common Land Unit
(CLU) data. The CLU data do not contain any attributes—only vec-
tors. To assign irrigation status for each polygon, IDWR used grow-
ing season Landsat imagery and digital aerial photography. We
converted the IDWR irrigated lands vector database to raster
matching the spatial resolution of 2007 MIrAD-US and assigned 1
or 0 for irrigated and non-irrigated class based on the irrigation
status information. This ESPA irrigated lands raster layer was com-
pared with the 2007 MIrAD-US data on a cell-by-cell basis and an
error matrix was produced (Table 3).
The ESPA assessment showed good agreement between the
2007 MIrAD-US and the reference area map with 94% overall accu-
racy and a kappa statistic of 0.77. Out of the three accuracy assess-
ment regions, the ESPA assessment shows the best agreement. The
Table 1
Error matrix summary of irrigated and non-irrigated category between MIrAD-US 2007 and DWR fields map for California.
Category Producer’s accuracy Errors of omission User’s accuracy Errors of commission Overall accuracy Kappa stat
Irrigated 0.73 0.27 0.89 0.11 0.92 0.75
Non-irrigated 0.98 0.02 0.93 0.07
Table 2
Error matrix summary of irrigated and non-irrigated categories between 2007 MIrAD-US and UND ground observation sites for the Great Plains.
Comparison type Category Producer’s accuracy Errors of omission User’s accuracy Errors of commission Overall accuracy Kappa stat
By polygons Irrigated 0.92 0.08 0.94 0.06 0.89 0.70
Non-irrigated 0.80 0.20 0.73 0.25
Table 3
Error matrix summary of irrigated and non-irrigated categories between 2007 MIrAD-US and IDWR irrigated area information for the ESPA.
Area Category Producer’s accuracy Errors of omission User’s accuracy Errors of commission Overall accuracy Kappa stat
ESPA Irrigated 0.74 0.26 0.86 0.14 0.94 0.77
Non-irrigated 0.98 0.02 0.95 0.05
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ESPA region is characterized by highly mechanized large scale irri-
gation management and is geographically located in a semi-arid
and fairly homogeneous landscape. This setting is well-suited for
the operation of the MIrAD model. Despite a high overall agree-
ment, the producer’s accuracy for irrigated land was only 74%. This
is mostly because of the fine spatial detail in the ESPA irrigated
lands database, which identified irrigation status for every polygon
regardless of their size, whereas the MIrAD-US 2007 map is con-
strained by its spatial resolution of 250-m  250-m.
4.1.4. Accuracy, errors, and uncertainty
A primary goal of accuracy assessment for a map like the MIr-
AD-US is to promote understanding of the validity of the land
use information, both categorically and across the spatial domain
of the map. Although the average accuracy of the irrigated class
for the three regions we assessed is relatively high (0.80, 0.90,
and 0.92 for producer’s accuracy, user’s accuracy, and overall accu-
racy, respectively), these accuracy assessments are spatially re-
stricted and therefore, somewhat limited. A comprehensive
accuracy assessment was not done mainly because wall-to-wall
field level ground irrigation data was not accessible to our project.
Uncertainties are inherent in all geospatial data and data prod-
ucts and the MIrAD-US is no exception. Uncertainties can be attrib-
uted due to positional accuracy, spatial resolution, attribute
accuracy, data completeness, logical consistency, currency, credi-
bility, subjectivity and interrelatedness (Kraak and Ormeling,
1996; Viard et al., 2011). It is often neither possible nor desirable
to quantify and eliminate many of these uncertainties because re-
sources are always limited and must be used effectively (Van Rom-
paey and Govers, 2002). However it is important to communicate
to the user the underlying uncertainties in input data and final
product which is critical to draw appropriate spatial decisions.
The MIrAD-US model input parameters that are likely to contribute
mostly to the uncertainties associated with the MIrAD-US are dis-
cussed below.
The county-level irrigated statistics provided by the USDA Cen-
sus of Agriculture provided the spatial area target for the MIrAD-US
model. The statistics, collected and processed by NASS using sam-
pling procedures, are subjected to sampling and nonsampling er-
rors affecting the ‘‘precision’’ of the estimates. Sampling error
occurred because a complete Census was not taken and nonsam-
pling error was caused by an inability to obtain correct information
from each person sampled, differences in interpreting questions,
and mistakes in processing the data. As the irrigated area statistic
was one of the key variables in MIrAD-US model, the reported
RMSEs of 0.64% and 0.25% for 2002 and 2007 precision estimates
in irrigated are statistics propagated uncertainty in the final MIr-
AD-US maps.
The two additional model input variables, the NLCD and the
MODIS annual peak NDVI, contribute additional sources of uncer-
tainty. We used the pasture/hay and cultivated crop classes of
the NLCD to constrain the selection of irrigated areas within agri-
cultural lands. The original 30-m resolution land cover data were
resampled to 250-m to match the MODIS peak NDVI data. The
resampling introduced errors in land cover because large propor-
tion errors can arise as landscapes are represented at increasingly
coarser scale (Moody and Woodcock, 1994) and such errors have
significant implications for activities that rely on land cover data-
sets derived from remote sensing (Moody and Woodcock, 1995).
As dominant land cover type was considered for each 250-m aggre-
gated land cover cell, there were uncertainties related to mixed
land cover pixels. The 2001 and 2006 NLCD maps (Wickham
et al., 2010, 2013) have reported 85% and 84% level 1 accuracies
and we found modest agreement between county farmland statis-
tics and county agricultural land from NLCD (Pervez and Brown,
2010). This attributed uncertainty in the agricultural land cover
mask used in the MIrAD-US modeling which potentially propa-
gated to the final MIrAD-US maps.
It is also possible that non-irrigated crops may have higher an-
nual peak NDVI than irrigated crops leading to uncertainty, how-
ever, our investigations showed this to be fairly rare. NDVI
smoothing was implemented across all time-series data irrespec-
tive of land cover types.
Finally, the difference in the spatial detail of the target land use
versus the resolution of the input geospatial data is another poten-
tial source of uncertainty. We mapped irrigated areas as binary
layer at 250-m  250-m (6.25 ha) resolution and the occurrence
of subpixel fractions of irrigation was not investigated. Although
irrigated fields were generally large across conterminous U.S.,
small irrigated fields (<6 ha) were not regularly resolved within
the pixel resolution of the MODIS data which attributed uncer-
tainty in the final MIrAD-US maps.
4.2. Change in irrigated area
4.2.1. Change in irrigated lands across the conterminous U.S. from
2002 to 2007
Consistent with MIrAD-US 2002 model output, the MIrAD-US
2007 model produced two-class land use data representing the
spatial distribution of irrigated agriculture driven by statistics in
the 2007 Census of Agriculture at 250-m resolution (Fig. 2), where
100% of each 250-m  250-m cell is identified as either irrigated or
non-irrigated. Sub-pixel irrigation status was not addressed by the
MIrADmethodology. Fig. 2 shows areas of change and no change in
irrigation status between 2002 and 2007. Across the conterminous
U.S., irrigated areas showed a net increase of around 3%. Approxi-
mately 60% of the irrigated areas remained unchanged (in green)
between these periods, 43% were newly identified in 2007, and
40% were identified as lost from 2002 (Table 4). The blue class
(new in 2007) shows pixels that were identified as irrigated in
2007 but were not identified as irrigated in 2002. The red class
(lost from 2002) shows areas identified as irrigated in 2002 but
not identified as irrigated in 2007.
Table 4 shows areal statistics for the 14 states that each had
over half a million ha of irrigated agriculture in 2007 listed in
descending order by irrigated area. The top ten states (Nebraska,
California, Texas, Arkansas, Idaho, Kansas, Colorado, Montana, Ore-
gon, and Washington.) accounted for 72% of the total irrigated area
and showed substantial spatial consistency in irrigation between
2007 and 2002 (Fig. 2: in green). In these ten states, 67% of the
irrigated areas remained unchanged. The MIrAD approach identi-
fied irrigation status, but a change in irrigation status does not nec-
essarily identify a change (presence or absence) in irrigation
equipment. Irrigation loss or gain from 2002 to 2007 could result
from misidentification of irrigation status in either model year or
might simply be a matter of local land use decisions (e.g., change
in irrigation water application due to rising or falling water costs,
change in cropping practices, leaving fields fallow, etc.). Among
the major irrigated states, Nebraska—the state with the largest area
of irrigation in 2007—showed the most increase in area from 2002
to 2007. Over 1.3 million ha of new irrigated areas were identified
in 2007 in Nebraska, a net 16.3% increase.
Along the West coast, California (second only to Nebraska in the
number of irrigated ha) lost over 750,000 ha of irrigated lands be-
tween 2002 and 2007 (Table 4). This represented a 7.7% net loss of
irrigated area in California, the majority of which occurred in the
San Joaquin Valley. Fresno County alone lost 50,950 ha of irrigated
area in 2007. Further north, Oregon and Washington showed mod-
erate stability in irrigated lands with 63% and 65% unchanged area,
respectively. However, there was around 5.2% net loss in irrigated
area in Washington, and majority of these losses were from Lewis,
Pierce and Thurston counties in the east and Douglas, Lincoln and
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Walla Walla counties in the west. In Oregon, irrigated areas were
found relatively more dynamic in Clackamas, Linn, Umatilla and
Yamhill counties with a statewide net loss of 1%. Irrigation in Idaho
was very stable during this period – 77% of irrigation remained un-
changed and a minor amount (0.1%) of overall net increase was
observed.
The spatial patterns of irrigated area change between 2002 and
2007 were comparatively more dynamic in Florida, Kansas, Mis-
souri, Mississippi, and Texas. All of these states had 50% or less un-
changed irrigated areas (Table 4). In Kansas around 43% irrigated
areas were unchanged between 2007 and 2002. There were around
62% new irrigated areas in 2007 and 57% loss in irrigated areas
from 2002 resulted in 5.4% net increase in irrigated areas in Kansas.
Across Texas, the state with the third largest irrigated area, half of
the irrigated areas remained unchanged spatially with an insignif-
icant 1% net loss in 2007.
As depicted in Fig. 2, irrigation in the western U.S. showed
greater spatial consistency through time than the irrigation in
the eastern states. Around 66% of the irrigated areas from 17 Wes-
tern states (ten of which are showed in Table 4; Nebraska, Califor-
nia, Texas, Idaho, Kansas, Colorado, Montana, Oregon, Washington,
and Wyoming) were unchanged compared to only 41% unchanged
irrigated areas across the remaining 31 states. Note: irrigated agri-
culture was not modeled for Alaska or Hawaii.
4.2.2. Change in irrigated area across the HPA
The land area showing irrigation fed by groundwater from the
HPA showed more than double the national net increase of 3%.
From 2002 to 2007, the net change of irrigated lands increased
approximately 519 thousand ha or 8.7% (Table 5). The MIrAD-US
model revealed that 3.87 million ha (64%) of irrigated cropland re-
mained stable during this five-year period. This regional change in
land use and agricultural intensity is in contrast to a national trend
of decreasing cropland area over the past 30 years. Nationally,
cropland used for crops has declined somewhat unevenly since
1982. From 2002 to 2007, cropland used for crops fell just over 2
Fig. 2. National change in irrigated agriculture from 2002 to 2007. MODIS Irrigated Area Datasets (MIrAD) for 2002 and 2007, produced following a method described by
Pervez and Brown (2010), were used to create this change map.
Table 4
Change in irrigated areas from 2002 to 2007 calculated from the MIrAD-US within the top twelve irrigated states.
State Irrigated areas in ha Common areas between 2007 and 2002 New in 2007 Lost from 2002 Net change in %
2007 2002 in ha % in ha % in ha %
NE 3,682,575 3,166,575 2,300,156 72.6 1,382,419 43.7 866,419 27.4 16.3
CA 3,236,513 3,507,544 2,721,838 77.6 514,675 14.7 785,706 22.4 7.7
TX 2,027,281 2,047,050 1,035,275 50.6 992,006 48.5 1,011,775 49.4 1.0
AR 1,886,750 1,780,194 1,136,031 63.8 750,719 42.2 644,163 36.2 6.0
ID 1,348,000 1,346,800 1,032,500 76.7 315,500 23.4 314,300 23.3 0.1
KS 1,175,963 1,115,881 480,575 43.1 695,388 62.3 635,306 56.9 5.4
CO 1,138,719 1,050,569 682,231 64.9 456,488 43.5 368,338 35.1 8.4
MT 816,513 791,381 449,138 56.8 367,375 46.4 342,244 43.2 3.2
OR 735,619 743,188 468,994 63.1 266,625 35.9 274,194 36.9 1.0
WA 716,350 756,031 489,688 64.8 226,663 30.0 266,344 35.2 5.2
FL 620,981 743,881 300,881 40.4 320,100 43.0 443,000 59.6 16.5
MS 597,450 501,094 244,400 48.8 353,050 70.5 256,694 51.2 19.2
WY 551,169 548,856 391,881 71.4 159,288 29.0 156,975 28.6 0.4
MO 533,025 443,519 212,406 47.9 320,619 72.3 231,113 52.1 20.2
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Table 5
Irrigated area and change by state within the HPA calculated from the MIrAD-US for 2002 and 2007 (sorted in descending order by ha irrigated in 2007).
State Irrigated area in ha Common area between 2007 and 2002 New in 2007 Lost from 2002 Net change in %
2007 2002 in ha % in ha % in ha %
NE 3,422,013 2,942,856 2,220,438 75.5 1,201,575 40.8 722,419 24.5 16.3
TX 1,469,288 1,451,419 871,469 60.0 597,819 41.2 579,950 40.0 1.2
KS 1,022,581 969,206 454,894 46.9 567,688 58.6 514,313 53.1 5.5
CO 270,656 270,413 138,400 51.2 132,256 48.9 132,013 48.8 0.1
WY 111,144 116,644 70,500 60.4 40,644 34.8 46,144 39.6 4.7
OK 105,406 103,850 51,113 49.2 54,294 52.3 52,738 50.8 1.5
NM 96,525 125,531 66,206 52.7 30,319 24.2 59,325 47.3 23.1
SD 7,400 5,469 1,794 32.8 5,606 102.5 3,675 67.2 35.3
Total 6,505,012 5,985,387 3,874,812 64.7 2,630,200 43.9 2,110,575 35.3 8.7
Fig. 3. Change in irrigated agriculture between 2002 and 2007 across the HPA derived from MIrAD-US 2002 and 2007.
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million ha to 136 million ha (or a loss of 5 million acres to 335 mil-
lion acres) (Nickerson et al., 2011).
Nebraska overlays not only the largest portion of the HPA, but
benefits from approximately two thirds of the aquifer’s total water
storage capacity (Johnson et al., 2011). From 2002 to 2007, the area
in Nebraska above the HPA depicted the greatest increase in irri-
gated cropland area (479 thousand ha or net +16.3%) and also
had the largest area of stable irrigated lands within the aquifer
(over 2.2 million ha or 75.5%) (Table 5). MIrAD-US showed that a
large portion of the irrigation increase in 2007 occurred in north-
east Nebraska (Fig. 3), primarily in the Lower Elkhorn, Lower Platte
North, and Lower Loup natural resource districts.
Further south, irrigated areas fed by the HPA in Kansas and
Texas showed smaller expansion with net changes of 1.2% and
5.5%, respectively (Fig. 3; Table 5). Other states with much smaller
total irrigated area supported by the aquifer did not change as
drastically. Colorado and Oklahoma showed net increases of 0.1%
and 1.5%, respectively. Although South Dakota showed a net in-
crease of 35.3%, this represented only 2 thousand ha. Two states
showed overall decreases in irrigated area, Wyoming and New
Mexico decreased by 4.7% and 23.1%. Neither state has much
cropland area within the HPA, so these decreases had minimal
overall effect.
5. Discussion
5.1. Underlying causal factors in irrigation change in the HPA
The causes for recent irrigation expansion are complex and
merit discussion. Similarly to historical irrigation expansion, it is
likely that multiple factors underpin recent changes in regional
irrigated area. Gollehon and Quinby (2000) summarized causes
contributing to the historical rise in irrigation use across the Amer-
ican West during the early and mid-twentieth century including
increasing crop yields on the intensive margin to raise farm reve-
nue, federal policies to develop water supplies, development of
new groundwater mining and sprinkler technologies, and the ris-
ing demand for farm products. Although not an exhaustive discus-
sion, we present multiple reasons for irrigation expansion in the
HPA including: economic incentives such as crop pricing and land
values, the demand for corn related to development of biofuels,
government policies related to water or land use, and land avail-
ability. Regional climate fluctuations might also contribute to
interannual dynamics of irrigation land use.
Historically, cropping shifts across the HPA is attributed to the
cattle industry (Hudson, 1994). During the first part of the twenti-
eth century, dominant crops were mainly wheat, alfalfa, and sor-
ghum shifting to more corn and soybeans after the 1950s. Corn
requires more water delivered at key times to increase yields so
it appears the widespread use of pump irrigation contributed to
large increases in corn cropped area in the semiarid central Plains
(Dennehy et al., 2002). Studies have attributed increases in both
irrigation and in growing corn to the demand for corn as livestock
feed (Dennehy et al., 2002) and, more recently, as the main feed-
stock for ethanol production (Wallander et al., 2011).
Since 2000, crop commodity prices rose dramatically (Fig. 4)
and these price increases have affected land use and cropping deci-
sions in the agricultural community (Atkinson et al., 2011; Lubow-
ski et al., 2008; Swinton et al., 2011). Average national crop prices
rose between 2002 to 2007 by 81%, 82%, 76%, and 90% for corn, soy-
beans, sorghum, and wheat, respectively (Fig. 4) (U.S. Department
of Agriculture, 2012). In terms of area, corn is the dominant irri-
gated crop in the HPA (Fig. 4 and Table 6) even though there is sub-
stantial year to year variability. Comparing 2002 to 2007, there was
a large increase in the number of harvested ha of both irrigated and
non-irrigated corn (Table 6). In fact, corn hit a maximum harvested
area (for the decade) in 2007. Table 6 shows the relative proportion
of each crop type to the irrigated areal total. Harvested irrigated
corn was the dominant irrigated crop in the HPA, making up 45
and 47% in 2002 and 2007, respectively. Actually, total corn in-
creased during this period by 0.88 million ha. Prior studies have
discussed expansion of corn production related to an increase in
corn-based ethanol production (Fabiosa et al., 2009; Wallander
et al., 2011). We also infer a connection between the expansion
of irrigation across the HPA and increasing demand for corn for
ethanol. Corn is the common feedstock for most of the U.S. ethanol
production (Searchinger and Heimlich, 2009). From 2001 to 2010,
the use of corn for ethanol nationally increased dramatically due
to the mandate in the Energy Policy Act of 2005 to increase the
amount of renewable fuels in the U.S. fuel supply. This law signif-
icantly increased the production of corn ethanol (Nickerson et al.,
2011). Wallander et al. (2011) describe a complex array of recently
shifting cropping patterns across the U.S. related to the ethanol
industry including increasing corn production on farms that were
formerly soybean producers.
Fig. 5 shows the locations of 47 ethanol plants in and adjacent
to the HPA during the periods pre-2002 (triangle), 2002–2007 (cir-
cle), and post-2007 (square) along with the irrigation status classes
shown in Fig. 3. Nebraska had the largest number of ethanol plants
(24) of all HPA states and over half (13) were established between
2002 and 2007, while four additional plants were brought online in
2008 (Nebraska Ethanol Board, 2012). Our research does not show
how much of the 16.3% expansion of irrigation in Nebraska was
dedicated to growing corn.
During this same historical period, land values also rose dra-
matically influencing land use decisions. In Nebraska, reported
land values rose 22% from $734 to $892 per acre (deflated average
over four land types: see Appendix Table 2 in (Johnson and Van
NewKirk, 2012)) from 2002 to 2007. Large increases of 57%, 60%,
and 51% for the same period were seen for dryland cropland (no
irrigation potential), dryland cropland (irrigation potential), and
center pivot irrigated cropland, respectively. Comparatively larger
increases in land values were seen in Texas, where the price per
acre rose 124% from 2002 to 2007 (from $974 to $2190 for the
Texas Statewide Weighted Average Index Price per Acre; Gilliland
et al., 2008).
Government water policy apparently has played a role in the
HPA irrigation expansion. In Nebraska, for example, changes in
state water policy recently occurred. In 2004, Legislative Bill 962
(LB962) was signed into law by the Nebraska Legislature establish-
ing moratoria on irrigation growth in water resource districts
where water was designated by the Nebraska Department of Nat-
ural Resources (NDNR) as fully and/or over-appropriated. In 2004,
districts in the eastern third of Nebraska were not yet subject to
moratoria. This policy apparently spurred producers to establish
new wells for irrigation and thereby expand the amount of land
under irrigation. Fig. 6 shows new irrigation wells established
within the NDNR districts covering the HPA exceeding 1200 per
year during 2002 through 2005, and peaking at over 1600 in
2004 (Nebraska Department of Natural Resources, 2012a).
Intra-annual variability in irrigated area is likely linked to regio-
nal growing season climate conditions. When periods of wide-
spread soil moisture deficits occur, farmers equipped for
irrigation are likely to irrigate. The region’s drought history might
reveal possible climate factors for the change in irrigated area from
2002 and 2007. National maps of drought severity (Fig. 7) for late
summer 2002 and 2007 show key climatic differences between
these two years (Svoboda et al., 2002). In the summer growing sea-
son of 2002, a large part of the HPA experienced severe, extreme
and even exceptional drought conditions, (Fig. 7a–c). In contrast,
the summer growing season conditions of 2007 were generally
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Fig. 4. Temporal dynamics of corn, soybean, sorghum, wheat, and hay area (in ha) in the HPA by irrigated and non-irrigated types and national and HPA regional average crop
pricing. The area and price information were obtained from USDA NASS (records for sorghum and wheat were not available for 2008, 2009 and 2010 while records for hay
were not available for 2009 and 2010). Hay area is presented for total harvested area because county level estimates by irrigated and non-irrigated types were not available
(U.S. Department of Agriculture, 2012).
Table 6
Harvested area of dominant irrigated and non-irrigated crops within counties in the HPA (U.S. Department of Agriculture, 2012).
2002 2007 2002–2007 Change
million ha % of total area million ha % of total area million ha
Corn Irrigated 2.74 45.78 3.06 47.04 0.31
Non-irrigated 0.98 1.55 0.57
Total 3.72 4.61 0.88
Soybeans Irrigated 0.85 14.20 0.66 10.14 0.20
Non-irrigated 0.63 0.70 0.07
Total 1.48 1.36 0.13
Sorghum Irrigated 0.23 3.84 0.21 3.23 0.01
Non-irrigated 0.87 0.82 0.05
Total 1.09 1.03 0.06
Wheat Irrigated 0.51 8.52 0.67 10.30 0.15
Non-irrigated 3.18 4.19 1.01
Total 3.70 4.86 1.16
Hay Total 2.10 1.90 0.20
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much wetter and the HPA region did not experience similar sever-
ity of drought conditions (Fig. 7d–f). In fact, the U.S. Weather Re-
view (U.S. Department of Commerce and U.S. Department of
Agriculture, 2008) showed that many states overlying the HPA
(Nebraska, Kansas, Oklahoma, and Texas) showed much above nor-
mal precipitation in 2007.
The climate conditions in 2007 appeared more favorable to
growing rainfed crops in this region and this is supported by the
harvested area statistics for these two years (U.S. Department of
Agriculture, 2012) (Fig. 4). The combined harvested area for four
non-irrigated crops (corn, soybeans, sorghum, and wheat) changed
from 5.66 to 7.26 million ha, or a 28% increase in harvested area
from 2002 for these four crops (Table 6). Perhaps counter to
drought influences, irrigated area was smaller in 2002, a year
where the HPA was dominated by a drought, than in 2007, a year
with far more favorable moisture available for crop growth. In
2002, the harvested area for irrigated crops (corn, soybeans, sor-
ghum, and wheat) in the HPA was 4.33 million ha and in 2007,
the area covered was 4.59 million ha, an increase of 260,000 ha
or approximately 6%. The field crop area statistics support evidence
that irrigation water use was likely higher in 2007, despite a com-
paratively favorable climate for rainfed crops in the region.
The availability of previously non-cultivated land (e.g., lands set
aside for conservation programs) might be indirectly associated
with increases in irrigated cropland, potentially providing land to
be converted into crop production. Available lands for conversion
Fig. 5. Change in irrigated agriculture between 2002 and 2007 across the HPA derived from MIrAD-US including locations of regional ethanol plants categorized by their
establishment year.
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to irrigated cropland would include existing rainfed croplands and
other non-cropped lands (e.g., grasslands, shrublands, wetlands,
and forests) some of which would be part of the USDA sponsored
Conservation Reserve Program (CRP). Regional land conversion
patterns in the HPA are beyond the scope of this discussion, but
this is an area for future investigation.
6. Conclusions
This study provides results from both a national effort to map
agricultural land use change across the conterminous U.S. and a re-
gional analysis of groundwater-fed irrigation change within the
HPA, the most intensively used aquifer in the central U.S. We sum-
marized our national modeling methodology and presented accu-
racy results for three regions where appropriate ground truth
data were acquired. Overall accuracy was 92%, 89%, and 94% for
California, the Great Plains, and the ESPA region in Idaho,
respectively.
In the regionally-focused part of the study, we provided de-
tailed geospatial information about irrigation expansion (more
than 8%) from 2002 to 2007 across the HPA. In fact, over 95% of
the net national expansion in irrigated agriculture during this
Fig. 6. New irrigation wells in Nebraska, 2000–2010.
Fig. 7. Maps of drought severity for summer growing seasons in (a) June 2002, (b) July 2002, (c) August 2002, (d) June 2007, (e) July 2007, and (f) August 2007 (http://
droughtmonitor.unl.edu/archive.html, accessed 12/21/2012; Svoboda et al., 2002).
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period overlays this aquifer. We discussed complex reasons for irri-
gation expansion. Although a significant proportion of the aquifer
appears to have stable water supply (primarily under Nebraska),
increased use of the groundwater may not be sustainable in the
long run. Areas of Texas and western Kansas have shown reduc-
tions in water levels exceeding 150 feet from predevelopment to
2009 (McGuire, 2011). It does not seem likely that these areas
can continue to support future irrigation expansion at this rate.
A complicated picture of land use change has emerged relating
irrigation expansion linked with rising crop commodity prices,
water policy, ethanol development, and other factors. While the
reasons are complex, it is clear that a detailed monitoring of irriga-
tion status into the future will contribute to improving under-
standing of water use, water supply, and the sustainability of the
entire aquifer.
The MIrAD-US 2002- and 2007-era geospatial data sets are cur-
rently available for download from the USGS Early Warning and
Environmental Monitoring website (http://earlywarning.usgs.gov/
USirrigation/). Looking forward, future production of the MIrAD-
US for upcoming five-year eras (e.g., 2012, 2017, and so on) is
desirable, provided the availability of model inputs. In early
2014, the USDA plans to release updated agricultural statistics
for all the counties in the U.S. including the area of irrigated lands,
in their 2012 Census of Agriculture. At the time of this writing, the
MODIS instruments aboard the Terra and Aqua satellite platforms
are operating and continuing to collect optical data. The 2012
growing season eMODIS NDVI data are available (online at
http://dds.cr.usgs.gov/emodis/CONUS/) from which to calculate
an annual peak. The next update of the NLCD will be 2011-era land
cover and has a planned release date of December 2013.
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